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Introduction
Cast aluminium alloys have been used in automobile components for many years because of their low density and excellent thermal conductivity. These components are subjected to cyclic mechanical loads which can cause the fatigue crack initiation, as well as functional failure of the structure. It has been demonstrated [1] [2] [3] [4] [5] [6] that in the high cycle fatigue domain, one of the principal parameters controlling the fatigue strength of cast Al-Si alloys is the presence of different microstructural heterogeneities which occur in the form of inclusions (Si particles, inter-metallic ), casting defects (micro-shrinkage or degassing pores) and the aluminium matrix (often characterized by the DAS and/or SDAS and the precipitation hardening level). These characteristics depend principally on casting process (gravity die cast, lost foam cast, sand cast..) as well as the post-heat treatment (T6/T7, hot isostatic pressing (HIP)).
The principal aim of this work is to decouple the roles of these different heterogeneities on the creation of fatigue damage and the resulting fatigue strength of cast aluminium alloys. In order to achieve this aim, an extensive multiaxial HCF test campaign was conducted, including pure tension, pure torsion, combined tension-torsion and equibiaxial tension, on three different Al-Si alloys: gravity die cast -T7 heat treated (alloy A), lost foam cast-T7 heat treated (alloy B) and lost foam cast-HIP-T7 heat treated (alloy C). Thanks to these different processes, three very different microstructures and casting defect populations have been obtained in order to distinguish the roles of the different microstructural heterogeneities.
In the first part of this paper, the characterisation of different fatigue crack initiation mechanisms highlighting the role of the heterogeneities, will be presented. Based on these empirically observed mechanisms, a flexible modelling framework (initiated by Pessard et al. [7] and Koutiri el al. [8] ), is used to studied cast aluminium alloys. Fig.1 shows typical microstructural images of the aluminium alloys under investigation which highlight the different microstructural heterogeneities that can be found (i.e. silicon particles in the eutectic zones, inter-metallic inclusions, micro-shrinkage/degassing pores and the dendrite size defined by the DAS and SDAS). 
Material and experimental conditions

Material preparation and microstructure
The three cast aluminium alloys investigated in this study are referred to as alloys A, B and C. Table  1 lists the chemical compositions, casting processes and heat treatments for each studied material. It is important to note that because the mould used to cast the Alloy B was in the form of a sheet, its microstructure and defect size distribution are not representative of the real material present in industrially cast cylinder heads. The microstructures of the three materials are shown in figure 2 .
The aluminium matrix is typically characterized by the Dendrite Arm Spacing (DAS) and/or Secondary Dendrite Arm Spacing (SDAS). These quantities can be determined by identifying individual aluminium dendrites. The SDAS or the distance between the secondary dendrite arms is then measured (see Fig.3 ). Forty dendrites in each material were measured. In addition, the α phase matrix of the material can be characterised by its micro-harness which is controlled principally by precipitation hardening. Tab.2 summarizes the SDAS and the micro-harness measurement of the aluminium matrix of the three alloys. Alloy SDAS (μ ± s)(μm) Micro-harness (μ ± s))(Hv0.025) A 4 2 .3 ± 9.7 113.8 ± 2.8 B 7 7 .3 ± 18.9 9 9 ± 9 C 9 1 .4 ± 32.8 9 2 ± 13 Table 2 . DAS/SDAS and micro-harness of aluminium matrix of three studied alloys
In order to characterise the size distribution of the casting defects (degassing and/or micro-shrinkage pores) in these materials, the metallography methodology proposed by Murakami [9] has been employed. When using this methodology, the defect size distribution is determined from optical microscopic observations of polished samples. In particular, the maximum defect size in each standard inspection area of size S 0 , is measured. The resulting distribution corresponds to the extreme value distribution related to the area S 0 . From this point of view, the maximum defect size in a given surface (or volume) can be extrapolated using the Gumbel distribution [9] . The defect size distributions determined for the three alloys are shown in figure  4 . The maximum defect sizes observed on the polished surfaces of alloys A, B and C are approximately 300μm, 500μm and 50μm respectively. Furthermore, it can be seen that the Gumbel distribution results in good approximations for the three alloys. 
Experimental conditions: fatigue tests
All of the fatigue tests presented below were carried out at ambient temperature and pressure in laboratory air. In order to be able to ignore the volume effect, all fatigue tests were conducted with the same specimen geometry (except for the fatigue tests under plane bending loads of alloy A, reported in the work of Koutiri et al. [10] ), as shown in figure 5. The fatigue tests were conducted in load control using a sinusoidal waveform, with a load ratio of R=-1. The pure tension tests were conducted on a Rumul Testronic resonant testing machine at 90-110 Hz while the pure torsion tests were conducted on a Rumul Cractronic resonant testing machine at 70-90Hz. The in-phase combined tension-torsion tests with a biaxiality ratio of k = τ a /σ a = 0.5 were performed on a Bose electromagnetic testing machine at 20-30 Hz. The fatigue tests were conducted using the staircase technique, at a maximum life of 2.10 6 cycles. The stopping criteria were chosen to ensure the presence of a fatigue crack of approximately 3 mm in length.
High cycle fatigue crack initiation mechanisms of cast aluminium alloys
Fig.6 and 7 summarises the crack initiation mechanisms observed on the surface of the three alloys for the different loading modes, (using an optical microscope) as well as on the fatigue failure surfaces (using a scanning Electron Microscope SEM). • For pure tension and combined tension-torsion loads: fatigue cracks always initiate and propagate from pores for the porosity-containing materials (alloys A and B) while for the porosity-free alloy (alloy C), fatigue cracks initiate from persistent slip bands (PSBs).
• For pure torsional load: for the porosity-containing alloys (alloys A and B), two crack initiation mechanisms have been observed: the first mechanism is related to crack propagation from casting pores located on the specimen surface and the second is controlled by PSB formation. These two mechanisms coexist and have been observed on the same specimen. For the porosity-free alloy (alloy C), only the crack initiation mechanism related to PSBs formation was observed.
Modelling framework and application to the cast alloys being investigated
The probabilistic concept for fatigue strength modelling
Initiated in the work of [7] and developed in the work of [8] , the probabilistic modelling framework was initially proposed to reflect experimental observations highlighting a state of competition between two very different fatigue crack damage mechanisms in a bainitic steel [11] [12] [13] : one related to local plasticity at the mesoscopic scale and the other controlled by crack growth from clusters of MnS inclusions. In order to describe these mechanisms in a high cycle fatigue model, the authors determine the probability of failure in the material matrix P f 1 and the probability of a crack propagating from MnS inclusion clusters P f 2 . The weakest link concept ( [14, 15] ) is then used to determine the overall probability of survival of the specimen, referred to as P f :
The expressions for P f 1 and P f 2 can be obtained via the use of any two appropriate fatigue criteria such as the Crossland-LEFM criteria combination, the Crossland-Murakami criteria combination( [7] ), or the Huyen [16] -LEFM criteria combination [8] .
Application to cast aluminium alloys being investigated
In the section 3, it was shown that in the porosity-free alloy (alloy C), the crack initiation is principally related to persistent slip bands formation in the aluminium matrix, regardless of the loading mode. However, in the porosity-containing alloys (alloys A and B), fatigue cracks always initiate from casting porosity for both uniaxial and combined tension-torsion loads. These observations suggest that the probabilistic concept presented in the previous paragraph would be a reasonable choice to model the fatigue behaviour of the cast aluminium alloys under investigation. In this section, the choice of the criteria corresponding to each fatigue damage mechanism will be described as well as the procedure used to identify the model parameters. The predictions will be then compared with experimental fatigue strength data for the three alloys (see Tab. 3).
Alloy
Pure tension (alloys B and C) Pure torsion Combined tension-torsion Plane bending (alloy A) (µ ± s)(MPa) (µ ± s)(MPa) σ xx,a (=2τ xy,a )(µ ± s)(MPa) A 82. 
where σ DV is the Dang-Van equivalent stress and σ th is the threshold stress. The Dang-Van equivalent stress is calculated by Eq.3:
In order to take into account the scatter in the fatigue strength, a two-parameter Weibull distribution [14, 15] is used to describe the dispersion associated with the threshold stress (σ th ). The expression for the probability density function is :
where σ th0 is the scale parameter and m 1 is the shape parameter of the distribution. The probability of finding a grain in which a fatigue crack is initiated can be expressed as:
Hence, the probability of crack initiation in an isolated grain is:
In order to obtain the survival probability of the entire structure, the weakest link theory [15] is used. This theory assumes that there is no interaction between crack initiation sites. Therefore, the structure can survive if, and only if, all of the grain of the considered volume can survive. Hence, the survival probability of the complete structure can be expressed by:
where V 01 represents the volume of a grain. In fact, by using the weakest link theory, size effect on the fatigue strength is taken into account. Indeed, when the considered volume being considered is increased (i.e V Ω01 is increased), the failure probability of the complete structure increases. When the stress in the volume is uniform, this expression can be simplified to:
By replacing σ th0
1/m 1 with σ , th0 , the probability of failure associated with damage mechanism 1 is given by:
Material parameter identification.
• The shape factor m 1 : this factor is determined by the following equation where τ −1,C and τ −1,C are respectively the mean value and the standard deviation of the experimentally determined pure torsion fatigue strength (R=-1) of alloy C (i.e. porosity-free alloy):
• The parameters of the Dang-Van criterion: the Dang-Van coefficient α DV is determined using the following equation where s −1,C is the mean value of the pure tension (R=-1) fatigue strength of alloy C:
• The scale factor σ th0 : this quantity can be determined from the experimental torsional fatigue strength data for R=-1. Its value is given by:
Modelling of mechanism 2: fatigue damage associated with casting pores
Choice of the fatigue strength criterion.
In order to choose a suitable criterion to take into account the damage mechanism associated with casting defects, the failure surface of each tested specimen was examined to identify and measure the size of the casting defect at the origin of the fatigue failure (for alloys A and B). Fig.8 shows an example of this type of measurement. Tab.4 resumes the mean value and the standard deviation of the pores at the origin of each fatigue failure. Note that for pure torsion loads (R=-1), because crack initiation and crack propagation are controlled be the same mechanism (i.e. controlled by the shear stress), it is very difficult to identify the crack initiation site. Therefore, the defect size reported in Tab.4 corresponds to the largest pore observed on the failure surface.
Alloy For Uniaxial load For combined tension-torsion load For pure torsion load (µ ± s)(µm) (µ ± s)(µm) (µ ± s)(µm) A 235.6 ± 86.9 209 ± 58.5 220 ± 60 B 709.9 ± 332 669 ± 457 690 ± 400 C No pores found No pores found No pores found Table 4 . Defect sizes observed on rupture surface Fig.9 shows the Kitagawa-Takahashi diagram of the three alloys: alloys A, B and a third data set corresponding to fatigue test conducted on specimens with the same chemical composition and heat treatment as Alloy A, but the material was gravity-sand cast in the form of bars ( [18] ). This alloy has approximately the same SDAS as alloy A but the casting defects size is much higher. Note that the vertical error bars corresponds to 10% to 90% probability of failure and the horizon error bars indicate 10% to 90% probability of occurence of a defect size initiating the fatigue failure. For the third data set (Bellett et al. [18] ), because the fatigue strength at 2.10 6 cycles was estimated from a Wöhler curve, the error bar for the fatigue strength is not reported. The experimental data are compared to the fatigue strength predictions using the LEFM criterion in which the fatigue strength is determined by the following expression:
where σ I,a is the amplitude of the principal stress and ∆K th is the stress intensity threshold range for tension-compression loads (R=-1). The stress intensity thresholds have been arbitrarily estimated to match the experimental data. It can be seen that the values of the estimated SIF threshold for a load ratio of R=-1 for alloy A is approximately 2.5 MPa √ m. This value is low compared to the artificial long crack growth threshold reported in the literature, even though only experimental data for a load ratio of R=0.1 has been found (∆K th,lc,R=0.1 ≈ 3.5 to 5.5MPa √ m, [19] [20] [21] [22] [23] ). This suggests that the small crack effect is significant for natural fatigue crack growth in the threshold regime.
To investigate the small crack effect on natural fatigue crack growth, a comparison between the crack growth rate of a natural fatigue crack (observed on the specimen surface during a fatigue test) and the artificial long crack growth rate (determined by a crack propagation test using a Single Edge Notched specimen) is presented in Fig.10 . The SIF of the natural fatigue crack is determined by using equation 15([9] ) and by assuming that the crack shape can be approximated by two equilateral triangles of side length, a, (i.e. the demi-crack length on the surface).
It is shown that the natural fatigue crack growth rates are much higher for the artificial long crack at the same load ratio R=-1. This is particularly true in the threshold crack growth domain (d(2a)/dN < 10 −8 m/cycle). This small crack effect associated with natural fatigue cracks was also observed in the work of Roy et al. [24] . Regarding the crack growth threshold, although not enough experimental data has been obtained to accurately determine the exact value of the SIF threshold for natural crack growth, it can be seen that, at a growth rate of d(2a)/dN = 10 −9 m/cycle, the threshold of natural fatigue cracks is much lower than that of artificial long cracks. This is in agreement with the SIF threshold of alloy A determined using LEFM criterion (see Fig.9 )
From this point of view, the LEFM criterion will be chosen to describe the second crack initiation mechanism. Modelling framework. For this damage mechanism it will be assumed that cracks are very easily initiated at casting defects. Hence, the fatigue strength is determined by the "non-propagation" of these cracks. Based on linear elastic fracture mechanics (LEFM), a crack will propagate from a pore if the following condition is satisified:
Where ∆K th is the SIF threshold. By analogy with the first mechanism (see Eq.4), the Weibull distribution will be used to describe the scatter associated with the stress intensity threshold:
∆K th ∆K th0
Where m 2 is the shape parameter and ∆K th0 is the scale factor. Hence, the probability of crack growth from an isolated pore can be expressed by:
For a uniform macroscopic stress distribution, this expression becomes:
Where V Ω2 is the total loaded volume and V 02 represents the volume associated with a crack emanating from an isolated pore. By making the following substitution ∆K th0 = ∆K th0
1/m 2 the volume effect is neglected and the failure probability associated with damage mechanism 2 for the complete structure is given by:
• The shape factor m 2 : this factor can be identified by the following equation:
where s −1,A/B and s −1,A/B are the standard deviation and the mean value respectively of the tensioncompression fatigue strength (R=-1) for alloys A or B. A value of m 2 = 5.37 for alloy A and m 2 = 5.59 for alloy B is obtained.
• The scale factor ΔK th0 : this factor can be determined using the mean value of the fully reserved tension-compression fatigue strength , s −1 , of alloy A or B by the following equation:
A value of value of ΔK th0 = 3.2MPa √ m is obtained for alloy A and ΔK th0 = 4.3MPa √ m for alloy B.
Methodology to take into account both fatigue damage mechanisms
As mentioned earlier, failure of the complete structure is caused by the "dominant" fatigue damage mechanism. Hence, the "total" survival probability is the result of a competition between the two coexisting damage mechanisms. If the mechanisms are assumed to be independent, the weakest link theory can be used to determined the total probability of failure via the following equation:
Results and discussions
The results of the modelling approach described above are presented in Fig.11 for different loading modes. Fig. 11 . Correlation between the experimental data and the model predictions: A) the experimental data for alloys C and A are used to identify the material parameters of the first and the second mechanisms respectively; B) the experimental data for alloys C and B are used to identify the material parameters of the first and the second mechanisms respectively.
It is important to note that the modelling framework presented above leads naturally to KitagawaTakahashi type diagrams, which are multiaxial and probabilistic.
Concerning the correlation between the experimental data and model predictions, following conclusions could be made:
• For tension-compression loads: the model predictions are well match with the experimental data.
However, note that the experimentally determined tension-compression fatigue strength of alloys A or B and C were used to identify the model parameters.
• For combined tension-torsion loads: slightly non-conservative predictions are observed.
• For pure torsional loads: a large difference between the experimental data and the model predictions for alloy A is observed. As discussed in Section.3 observations on the specimen surface as well as SEM inspection of the failure surfaces for pure torsional loads show that the role of casting pores is secondary, compared to the formation of PSBs. In other words, the role of the aluminium matrix, which is related to the DAS/SDAS and the hardening level, is dominant. From this point of view, the difference can be explained by the following factors:
-Alloy A contains an additional 0.5%wt. copper compared to alloys B and C. The presence of Cu in the chemical composition results in higher micro-hardness of the alpha phase. This causes the critical shear stress for PSB formation to be higher for alloy A compared to alloys B and C. Consequently, the macroscopic pure torsional fatigue strength of alloy A is higher. However, the torsion fatigue strength of alloy C was used to identify the model parameters related to the DangVan criterion and mechanism 1 (see Eq.12). In order to improve the model, torsional fatigue tests would need to be conducted on an alloy with the same microstructure (i.e. DAS/SDAS and micro-hardness) as alloy A but without casting defects (using the HIP treatment for example). Never-the-less, it should be kept in mind that the macroscopic pure torsional fatigue strength is also influenced by the DAS/SDAS via the grain boundary effect on the stress field at the mesoscopic scale. This effect is not studied in the present work.
-It can be seen that the model can predict a critical defect size of √ area ≈ 400 to 600µm for the pure torsional load. This prediction is in good agreement with experimental observations of the failure surfaces. Compared to the critical defect size for tension-compression loads of √ area ≈ 100 to 200µm, a lower influence of casting defects on the pure torsional fatigue strength can be confirmed.
• It is shown that the crack growth thresholds of alloys A and B are different (see Eq.22). These two materials differ principally in terms of their SDAS. A modelling approach including the influence of the SDAS will be introduced in a future publication.
Conclusions
The principal conclusions of this work can be summarised as follows:
• The characterisation of the HCF damage mechanisms operating in the three cast aluminium alloys indicate that:
-For tension-compression (R=-1) and combined tension-torsion (R=-1, k = τ a /σ a = 0.5) loads, fatigue cracks initiate from pores, for the porosity-containing alloys (alloys A and B) while for the porosity-free alloy (alloy C), fatigue cracks initiate principally from PSBs.
-For pure torsion loads (R=-1), only the first damage mechanism related to PSBs was observed for alloy C. For the porosity-containing alloys (alloys A and B), two damage mechanisms have been observed: the first mechanism is controlled by PSB formation and the second is related to crack propagation from porosity located on the specimen surface.
• The short crack effect was observed for natural fatigue crack propagation.
• Casting pores have less influence for pure torsional loads when compared to the other two loading conditions studied. Or, stated in a different way, the critical defect size is much higher in torsion compared to the other loading modes.
• Regarding the proposed probabilistic modelling framework and the criteria choices, it can be concluded that:
-The model leads naturally to probabilistic, multiaxial Kitagawa-Takahashi type diagrams, which can be used to explain the relationship between the fatigue behaviour of the material and the different casting processes and post-casting heat treatments (via the porosity size distribution). Another advantage of this approach it flexibility. Any two fatigue criteria can be used in the framework. They just need to be suitable for modelling the two damage mechanisms.
-The results issue from the DangVan-LEFM criteria combination are very encouraging for the cast aluminium alloys under investigation, especially given the factors discussed in Section 4.3 above.
